Small amounts (0.1-0.5 mM) of deoxycholate enhanced amylase secretion, which had been induced by submaximal doses of carbachol or cholecystokinin octapeptide, without affecting the maximal levels of these reactions from isolated rat pancreatic acini. Deoxycholate alone did not induce these reactions. The other bile acids such as cholate, chenodeoxycholate, ursodeoxycholate, and taurocholate were also active. Under the similar conditions, deoxycholate enhanced the secretagogue-induced diacylglycerol formation that was derived mainly from the phospholipase C-mediated hydrolysis of phosphatidylinositol and phosphatidylinositol4-monophosphate. Deoxycholate did not enhance the secretagogue-induced hydrolysis of phosphatidylinositol-4,5-bisphosphate or Ca2+ mobilization'. Deoxycholate did not affect amylase secretion, which was induced by the simultaneous addition of protein kinase C-activating 12-0-tetradecanoylphorbol-13-acetate and Ca2? ionophore ionomycin. Since diacylglycerol and Ci2+ may be responsible for the secretagogueinduced amylase secretion, our results indicate that small amounts of bile acids increase the sensitivity to the secretagogue of diacylglycerol formation and subsequent activation of protein kinase C, and thereby enhance amylase secretion from pancreatic acmi.
Introduction
Biliary pancreatitis is the disease form produced by reflux of bile acids into the pancreatic duct systems and is associated with coagulation necrosis of ductal system epithelia and neighboring acinar cell complexes (for a review, see reference 1). Similar pancreatitis can be elicited experimentally by the injection of deoxycholate (DCA),' one of the secondary bile acids, into the pancreatic duct systems (2) (3) (4) (5) . Numerous studies on biliary pancreatitis have been done, and hypersecretion of digestive enzymes, such as proteases and lipases, from pancreatic acinar centration; CCK8, cholecystokinin octapeptide; DCA, deoxycholate; DG, diacylglycerol; IP, inositol-monophosphate; IP2, inositol-bisphosphate; IP3, inositol-trisphosphate; OAG, l-oleoyl-2-acetylglycerol; PI, phosphatidylinositol; PIP, phosphatidylinositol-4-monophosphate; PIP2, phosphatidylinositol-4,5-bisphosphate; TPA, 12-O-tetradecanoylphorbol- 13-acetate. cells has been suggested to be one ofthe causes for the generation of this disease (6) .
The secretion of the digestive enzymes from exocrine pancreas is controlled by muscarinic action of acetylcholine, cholecystokinin octapeptide (CCK8), gastrin, and other secretagogues (for a review, see reference 7) . Recently, the modes of action of many secretagogues, including acetylcholine and CCK8, have been investigated extensively. It has been clarified that diacylglycerol (DG) and Ca2" may serve as second messengers for many secretagogues through the activation of protein kinase C, and Ca2" receptors such as calmodulin, respectively, and that both DG and Ca2+ are essential and synergistically effective for eliciting release reactions (for reviews, see references 8 and 9). DO is derived from the hydrolysis ofphosphoinositides including phosphatidylinositol-4,5-bisphosphate (PIP2), phosphatidylinositol-4-monophosphate (PIP), and phosphatidylinositol (PI) by the action ofphospholipase C in a manner linked to the receptors ofthe secretagogues. Although the regulatory mechanism ofCa2+ influx through plasma membrane Ca2+ channels is not known, it has been clarified that Ca2' mobilization from intracellular stores to the cytoplasm is triggered by inositol-trisphosphate (IP3), which is another product of the hydrolysis of PIP2 (9) . Evidence has also been obtained that the simultaneous addition of membrane-permeable protein kinase C-activating agents, such as 1-oleoyl-2-acetylglycerol (OAG) and 12-O-tetradecanoylphorbol-13-acetate (TPA), and Ca2 -mobilizing agents, such as Ca2+ ionophores A23 187 and ionomycin, induces release reactions from various types of secretory cells (10) (11) (12) (13) (14) (15) (16) . In pancreatic acini, it has been demonstrated that (a) Acetylcholine or CCK8 stimulates the formation of DG and IP3 from phosphoinositide turnover in exocrine pancreas (I17-20); (b) Incubation with IP3 ofisolated rat pancreatic acinar cells permeabilized by washing the cells with a nominally Ca2"-free solution stimulates the elevation of cytoplasmic free Ca2+ concentration ([Ca2+] i) (21) ; and (c) OAG or TPA synergistically enhances amylase secretion in the presence of Ca2`ionophore (16) . On the basis of these three lines of evidence, it is currently considered that both DG-protein kinase C and IP3-Ca2+ systems are involved in acetylcholine-or CCK8-induced secretion in pancreatic acini.
Bile acids, including DCA, are known to be anionic detergents. These agents in large amounts, usually >5 mM, cause destruction of the parenchyma of pancreas and subsequent release of the constituents ofthe secretory granules (22, 23) . Also, large amounts of DCA by itselfstimulate the hydrolysis ofphosphoinositides by the action of phospholipase C in an agonistindependent manner in horse platelets (24). During the studies on the causal relationship between bile acids and biliary pancreatitis, we have found a new action of DCA that is different from those observed previously (22) (23) (24) ; that is, small amounts (0.1-0.5 mM) of this bile acid sensitize the pancreatic acini and enhance the secretagogue-induced DO spectively. Dehydrocholate was a generous gift from Dr. K. Uchida (Shionogi Research Laboratories, Osaka, Japan). Triton X-100 was provided by Nakarai Chemicals (Kyoto, Japan). Other materials and chemicals were obtained from commercial sources.
Preparation ofpancreatic acini. Isolated pancreatic acini were prepared from starved male Wistar rat (200-250 g) as described by Williams et al. (25) utilizing the following procedures. The pancreas was removed from the decapitated and exsanguinated rat. Krebs-Henseleit bicarbonate medium (pH 7.4), containing 70 U/ml of purified collagenase, 0.1 mg/ ml of soybean trypsin inhibitor, 0.25% bovine serum albumin, I 1.1 mM glucose, minimal Eagle's medium amino acid supplement, and 0.1 mM CaCl2 were injected into the interstitium of the pancreas. The pancreas was then incubated in 5 ml of the same medium for 10 min at 37°C. After the incubation, excess medium was aspirated and replaced with 5 ml of a fresh medium, and the incubation was continued for an additional 35 min. The pancreas was mechanically dispersed into acini by forceful pipetting through plastic pipettes and filtered through 150-jm mesh nylon cloth. The filtrate was layered over an 8-ml cushion of Krebs-Henseleit bicarbonate medium containing 4% bovine serum albumin, 0.1 mg/ml of soybean trypsin inhibitor, and 1.2 mM CaCl2, and then centrifuged at 50 g for 3 min to remove blood cells and other tissues. The acini were then washed and resuspended in an appropriate volume ofHepes-buffered Ringer's solution (Ringer's solution containing 10 mM Hepes at pH 7.4, adequate volume of essential amino acids, 0.5% bovine serum albumin, and 0.1 mg/ml of soybean trypsin inhibitor) that was gassed with oxygen before use. All procedures except incubations were performed at room temperature.
Assay for amylase secretion. The acini were resuspended in an appropriate volume of Hepes-buffered Ringer's solution at a density of 2-3 mg/ml of protein in a 50-ml polycarbonate Erlenmeyer flask and preincubated for 60 min at 37°C. After the preincubation, the acini were resuspended in an appropriate volume of the same fresh solution at a density of -0.5 mg/ml of protein. 2-ml aliquots were distributed into 25-ml polycarbonate Erlenmeyer flasks, gassed with oxygen for 20 s, and then incubated for 20 min at 37°C with carbachol or CCK8 in the presence or absence of DCA as indicated in each experiment. After the incubation, 1 -ml aliquots were taken and immediately centrifuged at 10,000 g for 20 s. The amylase activites of the supernatants thus obtained were measured by the method of Irie et al. (26) . The amylase secretion was expressed as the ratio of the value of amylase activity secreted into the medium during the incubation to that of the total amylase content. 25 mM) . At the end ofincubation period, the aliquots were centrifuged at 300 g for 2 min at 4°C. The pellets were obtained, and then washed twice with 0.9% saline at 4°C. The washed pellets were dissolved with 0.5 ml of 0.5 N NaOH and their radioactivities were determined.
Determinations. Protein was determined by the method of Lowry et al. (33) with bovine serum albumin as a standard protein. Radioactivity of 3H-and 32P-labeled samples was determined using a Packard Tri-Carb liquid scintillation spectrometer, Model 3330, and that of '25l-labeled samples was determined using an Aloka auto well gamma system ARC-25 1.
Results
Enhancement ofsecretagogue-induced amylase secretion by DCA Incubation of isolated pancreatic acini with various doses of carbachol or CCK8 caused marked amylase secretion in a dosedependent manner as shown in Fig. 1 . The maximal and halfmaximal effects were observed with 3 X 10-6 M and 3 X 10-7 M for carbachol and 1 X 10-'1 M and 3 X 10-11 M for CCK8, respectively. These results are consistent with those reported previously by other investigators (25, 34) . When 0.25 mM DCA was added to the acini during the incubation with each secretagogue, the dose-response curves for each secretagogue were moved left and DCA markedly enhanced amylase secretion, which had been induced by submaximal doses of the secretagogue. DCA enhanced the maximal levels of this reaction only slightly. Fig. 2 A small amount (0.001%) of Triton X-100 also showed a similar stimulatory effect on the carbachol-or CCK8-induced amylase secretion as shown in Fig. 3 . Triton X-100 in the range of 0.0002 to 0.001% was effective in this capacity in a dosedependent manner. Triton X-l00 alone in the amounts used in this experiment did not induce amylase secretion. Under these conditions, Triton X-100 did not destroy the cells as judged by a trypan blue exclusion test. However, Triton X-100 alone in the amounts >0.1% destroyed the cells and caused full amylase secretion even in the absence of the secretagogue.
Ineffectiveness ofDCA on amylase secretion induced by TPA plus Ca2" ionophore Consistent with the recent observations made by de Pont and Fleuren-Jacobs (16), incubation of the acini with various doses of TPA resulted in the induction of amylase secretion in a dosedependent manner as shown in Fig. 4 . This reaction, which was sitide turnover were nearly the same, but were slightly higher than those necessary for amylase secretion (see also Fig. 1 ). DCA enhanced both DG formation and phosphoinositide turnover, which had been induced by submaximal doses of each secretagogue, but showed little effect on the maximal levels of these reactions. This effect of DCA was dose dependent in the range between 0.1 and 0.5 mM, and the doses of this compound necessary for the enhancement of DG formation and phosphoinositide turnover were nearly the same as those necessary for the enhancement of amylase secretion (see also Fig. 2 ). DCA alone did not elicit DG formation or phosphoinositide turnover in the amounts used in these experiments.
Ineffectiveness ofDCA on secretagogue-induced The essentially similar results were obtained when the cells were stimulated by CCK8 instead of carbachol. Namely, CCK8 also raised [Ca2+]i in a dose-dependent manner. The doses of CCK8 necessary for Ca2" mobilization were nearly the same as those necessary for DG formation and phosphoinositide turnover, but were slightly higher than those necessary for amylase secretion. DCA had no significant effect on [Ca2+]i when elevated by varying doses of CCK8.
Differential action ofDCA in the generation ofphosphorylated inositols When the acini were incubated with various doses of carbachol, inositol-monophosphate (IP), inositol-bisphosphate (1P2), and IP3 were accumulated in a dose-dependent manner as shown in Fig. 8 . The doses of carbachol necessary for the generation of these phosphorylated inositols were nearly the same as those necessary for DG formation, phosphoinositide turnover, and Ca2( mobilization, but were slightly higher than those necessary for amylase secretion (see also Figs. 1, 5-7 ). Fig. 9 shows the time courses for the carbachol-induced generation of IP, IP2, and IP3. Among the three phosphorylated inositols, IP3 was most rapidly produced, followed by the production of IP2 and IP.
The addition ofDCA to the acini during the incubation with carbachol caused marked enhancement of the generation of IP and IP2 induced by submaximal doses of the secretagogue as demonstrated in Figs. 8 and 9 . DCA showed little effect on the maximal levels of these reactions. However, DCA did not show a significant effect on the generation of IP3 induced by submaximal and maximal doses of carbachol. DCA alone did not stimulate the generation of IP, IP2, and IP3 in the amount used in these experiments.
The essentially similar results were obtained when the cells were stimulated by CCK8 instead of carbachol. Namely, CCK8
also stimulated the accumulation of the three species of phos- as those necessary for DG formation, phosphoinositide turnover, and Ca2' mobilization, but were slightly higher than those necessary for amylase secretion. DCA showed a stimulatory effect on the CCK8-induced formation of IP andIP2 but did not affect the CCK8-induced formationofIP3. Rubin (36) has shown that the doses of caerulein necessary for the generation of the three phosphorylated inositols are over tenfold higher than those necessary for amylase secretion in rat pancreatic acini. Powers et al. (37) have also shown that the doses of carbachol necessary for the former reactions are -100-fold higher than those necessary for the latter reaction in mouse pancreatic acini. In our experiments, the doses of carbachol or CCK8 necessary for the generation of the phosphorylated inositols were slightly higher than those necessary for amylase secretion as described above. In this point, our results were inconsistent with these earlier observations (36, 37 In the last set of experiments, the effect of DCA on the binding of carbachol or CCK8 to their specific receptors was examined. The binding of carbachol to the muscarinic receptors and that of CCK8 to its specific receptors on isolated pancreatic acini were measured using N-[3H]methylscopolamine, an antagonist for the muscarinic cholinergic receptors, and '251-labeled CCK8, respectively, under the conditions specified previously (31, 32) . These radiolabeled ligands bound to the acini in a dose-dependent manner. chenodeoxycholate, ursodeoxycholate, and taurocholate, which are all known to be potent detergents. Dehydrocholate, which is less potent than these bile acids in the detergent action, is ineffective to potentiate amylase secretion. Moreover, a small amount of Triton X-100, a nonionic detergent, also shows the similar effect to that observed with DCA. Triton X-100 has been described to elicit experimental acute pancreatitis (39) . Therefore It has been generally accepted that acute pancreatitis is parenchymal damage of pancreatic tissue that is caused by the action ofpancreatic digestive enzymes. Many digestive enzymes such as trypsin, chymotrypsin, elastase, amylase, lipase, and phospholipase A are packed in the form of their proenzymes in the same zymogen granules and secreted together upon stimulation of the cells-by secretagogues. Many investigators have postulated that, in biliary pancreatitis, large amounts ofbile acids refluxed into the pancreatic duct system liberate the digestive enzymes through the destruction of acinar cells, owing to the detergent action, and the digestive enzymes hypersecreted in this way then play crucial roles in the original parenchymal damage (2-6, 22, 23) . In this action of bile acids, secretion of the digestive enzymes is induced in a manner independent of the secretagogues. In this paper we have presented a novel action of DCA as an enhancer in the secretagogue-induced secretion of the digestive enzymes. In this case, small amounts of bile acids are able to induce hypersecretion ofthe digestive enzymes only in the presence of the secretagogues. It has been described that retrograde infusions of ferritin or India ink into the pancreatic duct reveals accumulation of these materials in the periacinar space during ductal hypertension (3, 5) , which indicates that bile acids can be in contact with the basolateral surface of the acinar cells, where they enhance the secretagogue-induced DG formation and protein kinase C activation. It is conceivable, therefore, that the novel action of bile acids described in this paper may also contribute to the generation of biliary pancreatitis, particularly in the very early stage ofthis disease. A possible participation ofthis secretagogue-dependent action of bile acids in the generation ofbiliary pancreatitis is now under investigation in our laboratories.
